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Abstract-- The past decade has seen major changes to the 
appliances which comprise the domestic load. Appliances which 
may have been considered to be passive loads are now supplied 
through power electronic front ends. These new loads are known 
sources of power quality disturbances, predominately harmonic 
currents. While examinations have been made of the electrical 
behaviour of first generation electronic appliances, there is little 
literature dealing with the performance of more modern loads. 
Understanding the behaviour of modern loads is essential if 
accurate models of equipment connected to the power system are 
to be developed. This paper examines the input current 
characteristics of a number of modern domestic appliances. This 
includes an analysis under undistorted rated voltage input 
conditions along with examination of the impact that varying 
input voltage conditions has on appliance input currents. 
Characterisation of the appliance input current is achieved 
through a laboratory testing regime using a programmable 
power source. 
On the whole, it can be noted that many modern appliances 
have input current performance which is better in terms of 
harmonic content compared to older appliances with power 
electronic front ends. With respect to variation of the input 
voltage, it has been found that harmonic distortion has a larger 
impact on the input current of appliances than variations in 
fundamental voltage magnitude. 
 
Index Terms—Harmonics, Input Current, Domestic 
Appliances, Power Quality 
I.  INTRODUCTION 
he past decade has seen major changes in the individual 
appliances which comprise the domestic load. Appliances 
such as whitegoods and lighting which may once have 
been considered as considered passive loads are now supplied 
by power electronics. In addition, many electronic appliances 
have also evolved over time. Examples of evolving 
technology include air conditioners where direct on-line types 
have progressed to first generation inverter types and finally 
to modern inverter driven systems. Another obvious example 
is televisions where CRT technology has been replaced with 
plasma and LCD. Recent years have also seen major changes 
to the lighting load.  Many countries have banned the sale of 
traditional incandescent light globes as a demand reduction 
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strategy.  At present, the only viable alternative to the 
incandescent lamp is the compact fluorescent lamp (CFL). 
The modern domestic load also contains a range of appliances 
which had relatively low penetration levels 10 – 15 years ago. 
Examples of these appliances include personal computers and 
DVD players. 
Modern electronic appliances almost universally use a 
switch-mode power supply (SMPS). These have a number of 
advantages and the most notable is the ability to operate over a 
wider range of input voltage magnitudes. The block diagram 
of a typical SMPS is shown in Fig 1. The characteristic ac side 
current waveform of a SMPS, when supplied with a sinusoidal 
input voltage from a strong supply, is shown in Fig 2.  
 
 
Fig. 1.  Traditional SMPS Block Diagram [1] 
 
 
Fig. 2.  Traditional SMPS Input Current Waveform [1] 
 
The current harmonic spectrum for the waveform in Fig. 2 is 
shown in Fig 3. The harmonic spectrum is dominated by high 
magnitudes of low order odd harmonics such as 3rd, 5th and 7th 
which decay rapidly with frequency. 3rd harmonic is always 
the dominant harmonic order. 
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Fig. 3.  Traditional SMPS Input Current Harmonic Spectrum [1] 
 
Studies presented in [2] and [3] describe the impact of 
changes in input voltage supply characteristics on the input 
current characteristics of appliances supplied by SMPS. 
However, these studies are now quite dated. While the basic 
SMPS topology shown in Fig 1 has been in existence for 
many years there is evidence to suggest that developments 
have been made to the design of appliances supplied by 
SMPS. These changes have been made in order to improve the 
ac side harmonic current performance of the appliances [4].  
The study presented in [5] is more recent. However, it is 
limited to investigating the impact of ac supply voltage 
waveform distortion levels on ac side supply current THD 
levels. The work presented in this paper complements and 
expands on the work presented in [5]. An examination of the 
impact of the variations in both the magnitude and distortion 
level of the input voltage on the input current characteristics 
of a number of modern domestic electronic appliances is 
made. A range of input current parameters are studied 
including RMS current, displacement power factor, total 
harmonic current and individual harmonic current orders. The 
investigations have been performed using a 30 kVA 
programmable source combined with power quality 
measurement instrumentation. The programmable source used 
has output voltage distortion levels of less than 1% THD 
when supplying sinusoidal voltage waveforms. The power 
quality instrumentation used is a Hioki 3196 power quality 
analyser which is a IEC61000-4-30 [6] Class A compliant 
instrument. 
II.  APPLIANCES TESTED 
A range of common domestic appliances has been tested. 
Selection of the appliances to be tested was based on a 
combination of appliance penetration levels as well as power 
usage magnitude. The appliances tested are likely to be found 
in a majority of homes or represent appliances which have 
large power demand and as such may have larger impact on 
the electricity distribution network. Small appliances such as 
mobile phone chargers have not been included in testing. The 
appliances tested are: 
 
• 15 W CFL Lighting. Three different CFLs were 
examined. 
• Televisions (TVs). Three technologies; CRT, plasma and 
LCD. The CRT is a 51cm model while the plasma and 
LCD are 32 inch models. 
• 3.3 kW split system Inverter Air Conditioner.  
• 2.4 GHz Personal Computer (PC). 
• 17 inch LCD Computer Monitor. 
• DVD player. 
III.  TEST SCHEDULES 
Each appliance was subjected to a range of tests to determine 
performance under varying input voltage conditions which 
were selected based on levels that are likely to be experienced 
on Australian low voltage (230V/400V) electricity distribution 
networks.  
Each appliance was subjected to five distinct tests. Each test 
involved application of different input voltage magnitudes or 
waveform distortion levels. The first three tests were designed 
to examine the operation at undistorted voltage magnitudes 
representing the range of operating conditions encountered on 
a distribution network under normal conditions. The second 
two tests were designed to assess the impact that harmonic 
distortion of the input voltage waveform had on appliance 
input current. Two test waveforms have been developed to 
facilitate this. The levels of harmonic distortion on the two 
harmonic test waveforms were selected to represent feasible 
harmonic magnitudes and phase angles likely to be 
encountered on Australian low voltage networks [7]. Each of 
the harmonic test waveforms applied to the appliances have a 
fundamental voltage of 230 V.  
Table 1 details the specific magnitudes used for each 
harmonic test waveform while Fig 4 shows the actual 
waveforms. The characteristics of the test waveforms were 
established using data from the Australian Long Term Power 
Quality Survey [7] as well as a number of field measurements. 
These measurements indicate that voltage THD levels will be 
less than 3.67% at 95% of sites with the dominant harmonic 
order being the 5th. Other harmonic orders which make 
significant contributions are low order such as 3rd and 7th. 
Higher order harmonics have been noted to be generally small 
in magnitude. Other field studies have shown that most supply 
voltage waveforms exhibit a flat top characteristic. This 
allows basic determination of the phase angle of the harmonic 
voltages. Such flattening can be shown to be caused by  a 3rd 
harmonic component which has a phase angle of close to 0 
degrees with respect to the fundamental and a 5th harmonic 
component which has a phase angle close to 180 degrees with 
respect to the fundamental. Field monitoring confirms these 
observations. Field monitoring also shows 7th harmonic phase 
angles close to 50 degrees. Harmonic test waveforms 1 and 2 
have THD levels of 3.3% and 4.7% respectively. 
 
TABLE 1: HARMONIC TEST WAVEFORM DETAILS 
Harmonic 
Order 
Harmonic Test 
Waveform 1 
Harmonic Test 
Waveform 2 
Magnitude 
(% of 
Fundamental) 
Phase 
Angle 
(º) 
Magnitude 
(% of 
Fundamental) 
Phase 
Angle 
(º) 
3 1 0 2 0 
5 3 180 4 180 
7 1 50 1.5 50 
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Fig. 4.  Harmonic Test Waveforms 
IV.  CHARACTERISTICS AT NOMINAL VOLTAGE 
In this section of the paper, the performance of each device is 
examined when supplied at 230 V (Australian LV nominal 
voltage) with no additional waveform distortion. The 
following key aspects are examined for each device: 
 
• Input Current Waveform 
• Displacement Power Factor (DPF) 
• Current Total Harmonic Distortion (ITHD) 
• Harmonic Current Spectrum 
A.  CFLs 
The CFL is a well known non-linear load [8] and [9]. In [8] it 
is shown that there can be significant differences in the 
performance of CFLs depending on the front end input 
circuitry. With a view to examine the differences in CFL 
performance, three types are examined here. These CFLs are 
representative of the range of lamps available. Two of the 
types are widely available models. The third type is known as 
a high power factor CFL and contains components designed to 
improve the harmonic content of the input current, that is, to 
correct the true power factor. Fig 5 shows the input current 
waveforms for the three CFLs tested. It can be seen that there 
is significant variation in the input current waveforms across 
the three CFL samples. The high power factor CFL, i.e. 
sample 3 in Fig. 5, is seen to have a more sinusoidal input 
current than the other two CFLs that are characterised by 
extremely peaky input current waveforms. It is also of note 
that the CFL input current waveform is quite different to that 
of the simple SMPS current waveform as shown in Fig 1.  
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Fig. 5.  CFL Input Current Waveforms 
 
The waveforms shown in Fig 5 for CFL samples 1 and 2 
indicate that their input current waveforms are rich in 
harmonics. The harmonic spectrum for each of the 3 CFLs 
tested is shown in Fig 6. Only odd order harmonics are shown 
as even order harmonic components were found to be 
negligible. 
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Fig. 6.  CFL Input Current Harmonic Spectra 
 
Fig 6 shows that CFL Samples 1 and 2 are characterised by 
relatively large low order harmonic components. Of particular 
interest is the current harmonic spectrum of CFL sample 1 
which shows significant harmonic current harmonic 
components up to the 49th (the limit of measurement). This is 
highly atypical of the harmonic spectra of equipment supplied 
by a SMPS and indicates that some CFL types may have 
unexpected harmonic behaviour not exhibited by other 
domestic loads. 
B.  Televisions (TVs) 
Television (TV) technology has undergone significant 
changes over the past ten years with the traditional CRT TV 
making way for newer technologies such as plasma and LCD. 
These new technologies have provided the capability for much 
larger screen sizes but at the expense of higher power demand. 
Three TV technologies, i.e. CRT, plasma and LCD have been 
examined. The input current waveforms for these devices are 
shown in Fig 7.  
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Fig. 7.  TV Input Current Waveforms 
 
Studies such as [10] have shown that TV load can be 
attributed to significant harmonic levels on distribution 
networks. With the increased power rating of modern TVs it 
has been assumed that harmonic current levels would also be 
higher than seen for CRT TVs. However, the waveforms 
shown in Fig 7 indicate that this may not be the case. The 
waveforms for the plasma and LCD TVs are considerably 
more sinusoidal than that of the CRT TV. Fig 8, which shows 
the harmonic spectra of the TVs tested, clearly indicates that 
the newer TV technologies (Plasma and LCD) lead to 
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considerably smaller harmonic current components than the 
CRT TV in spite of their higher power demand.  
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Fig. 8.  TV Input Current Harmonic Spectra 
C.  Inverter Air Conditioner 
First generation inverter air conditioners have been observed 
to be highly non-linear loads. When these air conditioners 
were introduced, there were serious concerns regarding the 
impact of these devices on distribution network harmonic 
levels [11].  First generation inverter air conditioners 
displayed current waveforms and harmonic components 
typical of a SMPS. However, the air conditioner power 
demand is likely to be much greater than that of any other 
electronic device in the domestic load and hence leading to 
concerns on large current harmonic components.  
A 3.3 kW inverter air conditioner from a large international 
manufacturer has been examined. The nearly sinusoidal input 
current waveform for this device is shown in Fig 9. This is 
surprising given the peaky and harmonic rich waveforms of 
older style inverter air conditioners. This indicates that 
manufacturers of modern air conditioners have developed 
input circuitry which mitigates the input current distortion of 
first generation air conditioners. 
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Fig. 9.  Inverter Air Conditioner Input Current Waveform 
D.  Personal Computer (PC) 
Penetration levels of personal computers (PCs) in domestic 
residences has grown from negligible levels in 1994 [12] to 
87% in 2008 [13]. The PC examined here is a desktop 
Pentium 4, 2.4 GHz Intel processor model. Fig 10 shows the 
input current waveform for the PC. The waveform is 
characteristic of a basic SMPS. Fig 11 which shows the 
current harmonic spectrum of the PC for odd order harmonics 
also displays harmonic components characteristics of the 
traditional SMPS. It can be seen that significant levels of 
harmonic current are observed for harmonic orders up to the 
23rd, however, unlike the CFL, harmonic components are 
negligible beyond this point. 
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Fig. 10.  PC Input Current Waveform 
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Fig. 11.  PC Input Current Harmonic Spectrum 
E.  LCD PC Monitor 
Monitors for PCs are now almost exclusively LCD types as 
opposed to CRT. The monitor tested here is a 17 inch model 
manufactured by an international supplier. The input current 
waveform and harmonic spectrum as shown in Figs 12 and 13 
respectively indicate that the LCD monitor has characteristics 
similar to the personal computer and characteristics of a 
simple SMPS. 
 
-1.50
-1.00
-0.50
0.00
0.50
1.00
1.50
Cu
rr
en
t (
A)
 
Fig. 12.  17 inch LCD Monitor Input Current Waveform 
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Fig. 13.  LCD Monitor Input Current Harmonic Spectrum 
F.  DVD Player 
The DVD player tested showed an input current waveform 
and input current harmonic spectrum similar to that observed 
for the LCD monitor and characteristic of a SMPS. As the 
results are similar to those seen for the personal computer and 
LCD monitor, graphs of input current waveform and harmonic 
spectrum are not shown here. 
V.  IMPACT OF VARIATION OF INPUT VOLTAGE 
The impact of variations in the input voltage on the input 
currents of each of the appliances tested is examined in this 
section. Understanding the implications of variation to the 
input current of appliance due to changes in the input voltage 
is essential for complete understanding of the manner in 
which appliances may impact on the electricity distribution 
system. An accurate understanding of appliance behaviour 
under changing input voltage conditions is also essential if 
accurate appliance models are to be developed for simulation. 
Four tests have been designed to assess the impact of 
variations in input voltage on appliance input current 
behaviour. The first two tests examine appliance behaviour at 
the upper and lower limits of the Australian low voltage 
range. The first of these tests involved supplying the 
appliances at 253 V RMS which is at the upper limit of the 
range and the second involved supplying the appliances with 
207 V RMS which is at the lower limit of the range. The 
remaining tests involved supplying the appliances with 
distorted input voltages. 
In order to easily identify the difference between values 
obtained for each test and the results obtained using the 
undistorted nominal value (230 V RMS), the data in each 
table in this section of the paper is expressed as a percentage 
of the values obtained when the nominal voltage was applied. 
For example, a value of 100% means that the value obtained 
for the test was equal to the value obtained when the appliance 
was supplied with an undistiorted voltage of 230V RMS. 
A.  Impact of Varying Input Voltage Magnitude 
Table 2 shows the results of the first test (supply at 253 V 
RMS) for RMS current (I RMS), displacement power factor 
(DPF), fundamental current (I Fund) and the total harmonic 
current.  
 
 
 
 
TABLE 2: VARIATION IN I RMS, DPF, I FUND AND TOTAL HARMONIC 
CURRENT -253 V RMS INPUT VOLTAGE 
Appliance 
I  
RMS DPF 
I  
Fund 
Total Harmonic  
Current 
CFL Sample 1 100 99 103 98 
CFL Sample 2 100 98 102 97 
CFL Sample 3 106 100 101 140 
CRT TV 107 100 111 106 
LCD TV 110 103 111 98 
Plasma TV 102 101 104 88 
DVD Player 106 100 111 103 
Inverter AC 111 100 111 88 
PC 104 100 108 103 
LCD Monitor 105 100 110 103 
 
Table 3 shows the same data as in Table 2 for the second 
voltage magnitude test (supply at 207 V RMS). 
 
TABLE 3: VARIATION IN I RMS, DPF, I FUND AND TOTAL HARMONIC - 207 V 
RMS INPUT VOLTAGE 
Appliance 
I  
RMS DPF 
I  
Fund 
Total Harmonic  
Current 
CFL Sample 1 105 100 101 105 
CFL Sample 2 102 101 100 105 
CFL Sample 3 96 100 100 52 
CRT TV 92 100 88 93 
LCD TV 93 96 92 106 
Plasma TV 105 100 103 121 
DVD Player 99 100 93 98 
Inverter AC 89 100 89 112 
PC 94 99 93 95 
LCD Monitor 95 100 91 96 
 
The data in Tables 2 and 3 indicate that the behaviour of the 
RMS current, displacement power factor and fundamental 
current is relatively insensitive to changes in the supply 
voltage magnitude.  Results for total harmonic current are 
more varied. CFL Sample 3, the plasma TV and the inverter 
air conditioner show considerable variation in total harmonic 
current for one or both of the voltage magnitude tests. It is 
notable that the CFL, plasma TV and air conditioner appear to 
have electronics on the input which aim to mitigate current 
waveform distortion. It may be postulated that these circuits 
are more sensitive to changes in input supply voltage than 
more simple devices such as the SMPS of the PC. 
An examination has also been made of the impact of 
varying the input voltage magnitude on selected individual 
harmonic current orders. For the purposes of this study, the 
harmonic orders investigated are 3rd, 5th and 7th which are the 
dominant harmonic orders which prevail in low voltage 
networks. The results of this investigation are shown in Table 
4. 
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TABLE 4: VARIATION IN INDIVIDUAL CURRENT HARMONIC ORDERS - 253 AND 
207 V RMS INPUT VOLTAGE 
Appliance 
253 V RMS 207 V RMS 
I3 I5 I7 I3 I5 I7 
CFL Sample 1 99 96 92 102 104 107 
CFL Sample 2 99 93 95 103 110 113 
CFL Sample 3 162 122 160 12 63 29 
CRT TV 110 109 107 88 89 91 
LCD TV 97 109 104 101 99 91 
Plasma TV 92 107 57 117 104 75 
DVD Player 110 109 107 93 93 94 
Inverter AC 87 85 85 113 119 115 
PC 107 106 105 92 93 93 
LCD Monitor 109 107 105 91 92 94 
 
Table 4 shows that there is considerably more variation in 
individual harmonic current components than was observed 
for the current parameters shown in Table 4. Those appliances 
which showed the greatest variation in total harmonic current 
are also seen to have the most extreme variation in individual 
harmonic current components. The foremost of these is CFL 
Sample 3 where low order current harmonic behaviour shows 
extreme sensitivity to the input voltage magnitude. 
B.  Impact of Varying Input Voltage Distortion Level 
Two tests were performed to asses the impact of distorted 
input voltages on the input current of the appliances. These 
tests involved the application of the two harmonic test 
waveforms described in Section III. The fundamental voltage 
applied for both waveforms was 230 V. 
Tables 5 and 6 illustrate the values of a range of basic 
parameters for the 2 voltage distortion tests.  
 
TABLE 5: VARIATION IN I RMS, DPF, I FUND AND TOTAL HARMONIC 
CURRENT - HARMONIC TEST WAVEFORM 1 
Appliance 
I  
RMS DPF 
I  
Fund 
Total Harmonic  
Current 
CFL Sample 1 99 97 101 97 
CFL Sample 2 101 99 98 104 
CFL Sample 3 101 99 102 99 
CRT TV 67 100 90 59 
LCD TV 100 101 100 111 
Plasma TV 117 100 119 102 
DVD Player 75 100 103 67 
Inverter AC 105 100 105 147 
PC 78 101 101 71 
LCD Monitor 70 100 99 60 
 
Table 5 indicates that there is little variation in the 
displacement power factor and fundamental current when the 
appliances are supplied with harmonic test waveform 1. 
However, there is considerable variation seen for RMS current 
and total harmonic current. Further, the variations seen here 
are much greater than those observed in the previous section 
where input voltage magnitude was varied. This indicates that 
appliance behaviour is more sensitive to changes in input 
voltage distortion as opposed to changes in input voltage 
magnitude. 
 
TABLE 6: VARIATION IN I RMS, DPF, I FUND AND TOTAL HARMONIC 
CURRENT - HARMONIC TEST WAVEFORM 2 
Appliance 
I  
RMS DPF 
I  
Fund 
Total Harmonic  
Current 
CFL Sample 1 104 98 99 104 
CFL Sample 2 105 99 99 110 
CFL Sample 3 105 98 102 131 
CRT TV 79 100 96 73 
LCD TV 103 101 103 118 
Plasma TV 122 101 124 96 
DVD Player 87 101 102 83 
Inverter AC 105 100 105 176 
PC 87 101 99 84 
LCD Monitor 80 94 98 75 
 
Similar results are observed in Table 6 to those seen in Table 
5. Variation in displacement power factor and fundamental 
current is modest, however, variations in RMS current and 
total harmonic current are significant. 
Table 7 shows the variation in low order individual 
harmonic current orders when harmonic test waveforms 1 and 
2 are used to supply the appliances. It can be seen that there is 
considerable variation in all harmonic orders for most 
appliances.  
 
TABLE 7: VARIATION IN INDIVIDUAL CURRENT HARMONIC ORDERS – 
HARMONIC TEST WAVEFORM1 AND 2 
Appliance 
Harmonic Test 
Waveform 1 
Harmonic Test 
Waveform 2 
I3 I5 I7 I3 I5 I7 
CFL Sample 1 86 68 86 70 56 119 
CFL Sample 2 86 91 185 78 101 237 
CFL Sample 3 113 59 127 120 69 166 
CRT TV 80 63 41 70 35 55 
LCD TV 87 191 85 75 226 116 
Plasma TV 97 228 75 81 281 74 
DVD Player 89 62 30 70 21 55 
Inverter AC 69 326 116 64 404 157 
PC 95 83 66 86 72 75 
LCD Monitor 88 66 37 70 34 56 
VI.  CONCLUSIONS 
This paper has presented typical supply current waveforms for 
a number of modern domestic appliances. It has also 
examined the impact of variations in supply voltage have on 
the input current behaviour of a range of modern domestic 
appliances. In practice it is unlikely that appliances connected 
to electricity networks will be supplied at undistorted nominal 
voltage levels. Understanding how appliances behave when 
subjected to input voltages which are realistic is essential for 
understanding the behaviour of devices connected to the 
electricity network for the purposes of network planning, 
modelling and analysis. 
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The investigations undertaken in this paper indicate that the 
basic input current characteristics of the appliances tested are 
relatively insensitive to changes in the magnitude of an 
undistorted supply voltage. Variation of low order individual 
harmonics between the nominal voltage case and a raised or 
lowered voltage case were found to be significantly larger 
than basic quantities such as RMS current or fundamental 
current. However, for most appliances, the variation was 
relatively small. 
Investigations completed using distorted input voltages 
indicated that the input current characteristics of most devices 
were highly sensitive to distortion in the input voltage. 
Harmonic distortion on the input voltage was found to have a 
much greater impact on the input current of each appliance 
than was the case for changes in undistorted supply voltage 
magnitude. 
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